The majority of hematopoietic progenitor cells (HPCs) reside in the bone marrow surrounded by a complex, highly organized microenvironment. Under normal conditions, a small number of HPCs are released into the peripheral blood. Agents with distinct cellular targets and biologic activities can induce the mobilization of HPCs into blood, including hematopoietic growth factors, chemotherapeutic agents, and chemokines. 1,2 Recently, mobilized peripheral blood HPCs have become the principal cellular source for reconstitution of the hematopoietic system following myeloablative therapy. Currently, granulocyte colony-stimulating factor (G-CSF) is the most widely used agent to induce HPC mobilization due to its potency, predictability, and safety. 3 However, the mechanisms responsible for G-CSF-induced HPC mobilization have not been defined.
Introduction
The majority of hematopoietic progenitor cells (HPCs) reside in the bone marrow surrounded by a complex, highly organized microenvironment. Under normal conditions, a small number of HPCs are released into the peripheral blood. Agents with distinct cellular targets and biologic activities can induce the mobilization of HPCs into blood, including hematopoietic growth factors, chemotherapeutic agents, and chemokines. 1, 2 Recently, mobilized peripheral blood HPCs have become the principal cellular source for reconstitution of the hematopoietic system following myeloablative therapy. Currently, granulocyte colony-stimulating factor (G-CSF) is the most widely used agent to induce HPC mobilization due to its potency, predictability, and safety. 3 However, the mechanisms responsible for G-CSF-induced HPC mobilization have not been defined.
We previously showed that G-CSF receptor (G-CSFR) expression on HPCs is not required for their mobilization by G-CSF, suggesting that G-CSF induces HPC mobilization indirectly through the generation of trans-acting signals. 4 The nature of the transacting signals that mediate G-CSF-induced HPC mobilization is unknown; however, accumulating evidence suggests that interaction of CXCL12 (stromal-derived factor 1 [SDF-1]) with its cognate receptor, CXCR4 (CXC motif, receptor 4), may play an important role in regulating G-CSF-induced HPC mobilization. CXCL12 is a CXC chemokine constitutively produced in the bone marrow by stromal cells. 5 Studies of CXCL12-or CXCR4-deficient mice have established that these genes are necessary for the normal migration of HPCs from the fetal liver to the bone marrow and in the efficient retention of myeloid precursors in the adult bone marrow. 6, 7 Moreover, treatment with AMD-3100, a specific antagonist of CXCR4, induces rapid and robust HPC mobilization in both humans and mice. 8, 9 Finally, we and others showed that CXCL12 protein expression in the bone marrow is significantly decreased following G-CSF treatment. [10] [11] [12] Collectively, these data suggest a model in which disruption of CXCL12/CXCR4 signaling is a key step in G-CSF-induced HPC mobilization.
The mechanisms mediating the G-CSF-induced decrease in CXCL12 protein expression in the bone marrow have not been defined. Previous reports suggested that neutrophil elastase (NE) and cathepsin G (CG) might regulate CXCL12 protein expression in the bone marrow through proteolytic cleavage of CXCL12. 10, 11 However, mice genetically lacking NE and CG display normal G-CSF-induced HPC mobilization, and the expected decrease in bone marrow CXCL12 protein was observed. 13 Thus, the G-CSFinduced decrease in CXCL12 protein expression in the bone marrow does not require these proteases. It is possible that other proteases can compensate for the loss of NE and CG. Alternatively, nonproteolytic mechanisms may regulate CXCL12 expression in the bone marrow during G-CSF-induced HPC mobilization.
In this study, we characterize G-CSF-induced HPC mobilization and CXCL12 expression in the bone marrow in a series of transgenic mice carrying targeted mutations of their G-CSFR. We provide further evidence that disruption of CXCL12/CXCR4 signaling in the bone marrow is a key step in HPC mobilization. G-CSF regulates CXCL12 expression in the bone marrow primarily at the mRNA level. Evidence is provided that G-CSF inhibits osteoblast number and activity through an indirect mechanism leading to decreased CXCL12 expression in the bone marrow.
Materials and methods

Mice
GEpoR-, d715-, and d715F-deficient mice were generated, as described previously. [14] [15] [16] GEpoR, d715, and d715F mice were backcrossed 10 generations onto a C57BL/6 background. Six-to 10-week-old mice were used in all studies. Mice were housed in a specific pathogen-free environment. All experiments were approved by the Washington University Animal Studies Committee.
Mobilization protocols
G-CSF.
Recombinant human G-CSF, a generous gift from Amgen (Thousand Oaks, CA), was diluted in phosphate-buffered saline (PBS) with 0.1% low endotoxin bovine serum albumin (Sigma, St Louis MO) and administered by daily subcutaneous injection at a dose of 250 g/kg or 100 g/kg per day for 5 days. Mice were analyzed 3 to 4 hours after the final G-CSF dose.
AMD3100. AMD3100, a generous gift from AnorMED (Vancouver, BC, Canada), was reconstituted in sterile PBS and administered as a single subcutaneous injection at a dose of 5 mg/kg. Mice were analyzed 3 hours after injection or at the indicated times.
Peripheral blood and bone marrow analysis
Blood was obtained by retro-orbital venous plexus sampling in polypropylene tubes containing EDTA (ethylenediaminetetraacetic acid). Complete blood counts were determined using a Hemavet automated cell counter (CDC Technologies, Oxford, CT). Bone marrow was harvested by flushing with ␣-modified Eagle medium (␣-MEM) containing 10% fetal calf serum (FCS). Bone marrow extracellular fluid was obtained by flushing each femur with 1 mL ice-cold PBS without serum, and the supernatant was harvested after centrifugation at 400g for 3 minutes.
CXCL12␣ ELISA
For enzyme-linked immunosorbent assays (ELISAs), 96-well plates were coated with 100 L CXCL12 capture antibody (2 g/mL) diluted in PBS and incubated overnight at room temperature. After incubation for 1 hour at room temperature with 300 L blocking solution (1% bovine serum albumin [BSA], 5% sucrose, and 0.05% NaN 3 ), 100 L sample was added to each well and incubated for 2 hours at room temperature. After washing, 100 L polyclonal biotinylated anti-human CXCL12 (250 ng/mL) in ELISA diluent (0.1% BSA, 0.05% Tween 20 in Tris [tris(hydroxymethyl-)aminomethane)]-buffered saline at pH7.3) was added to each well and incubated at room temperature for 2 hours. The reaction was developed by successive incubations with 1 g/mL horseradish peroxidase streptavidin, substrate solution, and 50 L 2N H 2 SO 4 to stop the reaction. A microplate reader set at 450 nm was used to determine optical density with readings at 550 nm subtracted from the results. Recombinant human CXCL12␣ was used to generate a standard curve. All ELISA reagents were purchased from R&D Systems (Minneapolis, MN).
Colony-forming cell assay
Blood, bone marrow, and spleen cells were harvested from mice using standard techniques and the number of nucleated cells in these tissues quantified using a Hemavet automated cell counter. We plated 10 to 20 L blood, 1 ϫ 10 5 nucleated spleen cells, or 2.0 ϫ 10 4 nucleated bone marrow cells in 2.5 mL methylcellulose media supplemented with a cocktail of recombinant cytokines (MethoCult 3434; StemCell Technologies, Vancouver, BC, Canada). Cultures were plated in duplicate and placed in a humidified chamber with 6% CO 2 at 37°C. Colonies containing at least 50 cells were counted on day 7 of culture.
Real-time quantitative RT-PCR
Femurs were flushed with a total of 2 ml TRIzol reagent (Invitrogen, Carlsbad, CA) followed by crushing of the remaining bone in TRIzol. RNA was isolated according to the manufacturer's instructions and resuspended in 150 L RNase/DNase-free water. Real-time reverse transcriptasepolymerase chain reaction (RT-PCR) was performed using the TaqMan One-step RT-PCR Master Mix Reagents Kit (Applied Biosystems, Foster City, CA) on a GeneAmp 5700 Sequence Detection System (Applied Biosystems). The reaction mix consisted of 5 L RNA, 12.5 L RT-PCR mix, 200 nM forward primer, 200 nM reverse primer, 280 nM internal probe, and 0.625 L Multiscribe reverse transcriptase and RNase inhibitor in a total reaction volume of 25 L. Reactions were repeated in the absence of reverse transcriptase to confirm that DNA contamination was not present. RNA content was normalized to murine ␤-actin. PCR conditions were 48°C for 30 minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Primers were: CXCL12 forward primer, 5Ј-GAGCCAACGTCAAGCATCTG-3Ј; CXCL12 reverse primer, 5Ј-CGGGTCAATGCACACTTGTC-3Ј; CXCL12 dT-FAM/TAMRA probe, 5Ј-TCCAAACTGTGCCCTTCAGATTGTTGC-3Ј; ␤-actin forward primer, 5Ј-ACCAACTGGGACGATATGGAGAAGA-3Ј; ␤-actin reverse primer, 5Ј-TACGACCAGAGGCATACAGGGACAA-3Ј; ␤-actin dT-FAM/TAMRA probe, 5Ј-AGCCATGTACGTAGCCATCCAGGCTG-3Ј; osteocalcin forward primer, 5Ј-TCTCTCTGCTCACTCTGCTGGCC-3Ј; osteocalcin reverse primer, 5Ј-TTTGTCAGACTCAGGGCCGC-3Ј; and osteocalcin dT-FAM/TAMRA probe, 5Ј-TGCGCTCTGTCTCTCTGACCTCACAGATGCCA-3Ј.
Cell sorting
Bone marrow cells were recovered from the femurs and tibia of mice by extensive flushing with 40 mL PBS. The femurs were then infused with PBS containing 50 mg/mL type IV collagenase (C5138, Sigma) and incubated at 37°C for 15 minutes. The collagenase-treated femurs were flushed again with PBS and cells pooled with the first flush fraction. Finally, the "empty" femurs were directly flushed with 1 mL TRIzol to recover RNA from cells firmly adherent to the bone matrix. The flushed cells were incubated with fluorescein isothiocyanate (FITC)-conjugated CD45 antibody and with the following panel of phycoerythrin (PE)-conjugated lineage-restricted antibodies: Gr-1 (granulocytes), B220 (B lymphocytes), CD3e (T lymphocytes), and Ter-119 (erythroid cells). All antibodies were from PharMingen (San Diego, CA). Cells were sorted on a MoFlo high-speed flow cytometer (Dako Cytomation, Fort Collins, CO). CXCL12 and ␤-actin mRNA were measured by quantitative real-time RT-PCR. To estimate the total CXCL12 mRNA contribution of each fraction, the number of cells in each fraction was multiplied by the amount of CXCL12 mRNA relative to ␤-actin mRNA found in that fraction. The number of cells in the TRIzol-flushed fraction was estimated using ␤-actin mRNA expression and was based on a standard curve showing that the level of ␤-actin mRNA correlated in a linear fashion with cell number (data not shown).
BLOOD, 1 NOVEMBER 2005 ⅐ VOLUME 106, NUMBER 9 For personal use only. on June 9, 2017. by guest www.bloodjournal.org From For stromal cell fractionation, femora, tibiae, and iliac crests were cleaned thoroughly to remove associated muscle tissue and then crushed in a mortar and pestle to release the marrow. Bone fragments were collected by filtration through a 40-m cell strainer (BD Biosciences, San Jose, CA) and washed extensively in PBS with 2% FCS to remove nonadherent bone marrow cells. The bone fragments were further minced with a scalpel and then incubated at 37°C with a 3-mg/mL solution of type I collagenase (Worthington, Lakewood, NJ) in PBS for 40 minutes in a shaking waterbath. The resulting population of bone-derived cells was then depleted of residual hematopoietic cells by incubation with a cocktail of rat antimouse antibodies (B220, Mac-1, Gr-1, CD4, CD8, CD3, CD5, and Ter119) followed by incubation with anti-rat immunoglobulin-coupled Dynabeads (Dynal Biotech, Oslo Norway). Following lineage depletion, the cells were stained with a PE-conjugated anti-CD45, FITC-conjugated anti-CD31, biotinylated anti-CD51, and streptavidin-coupled allophycocyanin (all from PharMingen). The cells were separated using a FACSDiva high-speed cell sorter (BD Biosciences) into 3 fractions: endothelial cells
, and progenitor cells (Lin Ϫ CD45 ϩ ). The purity of the endothelial and osteoblast fractions was confirmed by staining for von Willebrand factor or alkaline phosphatase, respectively (data not shown). Sorted cells were counted and then lysed in RNAZol (Iso-Tex Diagnostics, Friendswood, TX) or TRIzol for RNA isolation and subsequent real time RT-PCR analysis.
Osteoblast culture
Murine calvarial osteoblasts were obtained using minor modifications of published procedures. 17 In brief, calvariae were removed aseptically from 3-to 4-day-old mice and incubated twice at 37°C for 10 minutes in PBS containing 4 mM EDTA and then subjected to repeated digestion for 10 minutes at 37°C with 200 U/mL type II collagenase (Worthington) in PBS. Products of early digestions were discarded, whereas later fractions (typically fractions 5-7) were collected by centrifugation and cultured in ␣-MEM containing 10% FCS and 1% penicillin/streptomycin. Cells were cultured until 80% confluent (undifferentiated osteoblasts). In some experiments, cells were then cultured in differentiation medium (␣-MEM containing 10% FCS, 100 g/mL ascorbic acid, and 5 mM ␤-glycerophosphate) for 1 week (differentiated osteoblasts).
Histomorphometry
Osteoblasts in the bone marrow were quantified by histomorphometry, as previously described. 18 Briefly, femurs and tibiae were harvested, fixed overnight in 10% neutral formalin, decalcified by incubating in 14% EDTA at 4°C for 2 weeks, and then embedded in paraffin. To ensure that osteoclasts were excluded from the osteoblast count, deparaffinized sections were stained histochemically for tartrate-resistant acid phosphatase (TRAP) and counterstained with hematoxylin. Osteoblasts were counted in a blinded fashion in 4 to 6 200 ϫ fields per section. In some cases, 2 sections 75 m apart were taken from the same sample and osteoblast number averaged. The number of osteoblasts per millimeter bone perimeter (N.Ob/mm) was calculated using the OsteoMeasure Histomorphometry System (OsteoMetrics, Atlanta, GA).
Statistical analysis
Data are presented as mean plus or minus SEM or SD, as indicated in the text. Statistical significance was assessed using a 2-sided Student t test.
Results
The membrane-proximal region of the G-CSFR is sufficient to mediate HPC mobilization
To define the regions of the G-CSFR required for HPC mobilization, G-CSF-induced HPC mobilization was characterized in a series of transgenic mice expressing different targeted mutations of their G-CSFR ( Figure 1A) . The d715 G-CSFR mutation introduces a premature stop codon at nucleotide 2403, leading to truncation of the carboxy-terminal 96 amino acids of the G-CSFR. It is representative of G-CSFR mutations found in approximately 35% of patients with severe congenital neutropenia. 19 Mice homozygous for the d715 G-CSFR mutation have normal basal hematopoiesis. 15 In the d715F G-CSFR mutant, the sole remaining tyrosine (Y704) of d715 has been mutated to phenylalanine. Signal transducer and activator of transcription 3 (STAT-3) and STAT-5 activation by the d715F G-CSFR are markedly impaired. 14 Homozygous d715F G-CSFR mutant mice display an isolated defect in granulopoiesis. 14 In the GEpoR mutation, the entire cytoplasmic (signaling) domain of the G-CSFR is replaced with that of the erythropoietin receptor (EpoR). 16 This chimeric receptor is predicted to bind G-CSF but transmit EpoR-specific signals. Homozygous GEpoR mice display peripheral neutropenia but have normal numbers of neutrophils in their bone marrow. 16 The G-CSFR mutant mice, all inbred on a C57BL/6 background, were treated with G-CSF (250 g/kg/d ϫ 5 days) and the number of colony-forming cells (CFU-Cs) in the blood, spleen, and bone marrow measured ( Figure 1B) . A similar number of CFU-Cs was present at baseline in the bone marrow of all mice except for d715 mice, where a modest, but not significant, increase was observed. Compared with wild-type mice, HPC mobilization was significantly enhanced in d715 mice. Whereas a 15-fold increase from baseline in blood CFU-Cs was observed in wild-type mice, a 32-fold increase was observed in d715 mice. In contrast, HPC mobilization was severely impaired in GEpoR mice (1.7-fold increase in blood CFU-Cs from baseline), despite a normal number of CFU-Cs in the bone marrow. d715F mice displayed an intermediate phenotype. Although G-CSF induced a similar rise in blood and spleen CFU-Cs, the number of CFU-Cs in the bone marrow of d715F mice was significantly increased compared with wild-type mice. Similar results were observed after treating mice with 100 g/kg/d G-CSF for 5 days (data not shown). These data show that the membrane-proximal 87 amino acids of the G-CSFR are sufficient to mediate G-CSF-induced HPC mobilization. Moreover, these data show For personal use only. on June 9, 2017. by guest www.bloodjournal.org From that the signals generated by the GEpoR are not able to substitute for those of the G-CSFR to induce HPC mobilization.
Down-regulation of CXCL12␣ protein expression is a key event in G-CSF-induced HPC mobilization
Accumulating evidence suggests that CXCL12/CXCR4 signaling may be a key regulator of HPC trafficking in the bone marrow. We and others previously showed that CXCL12␣ protein expression in the bone marrow decreases during G-CSF-induced HPC mobilization. [10] [11] [12] To extend these findings, we measured CXCL12␣ protein levels in the bone marrow of the G-CSFR mutant mice following G-CSF treatment ( Figure 2A) . As expected, G-CSF induced a significant decrease in CXCL12␣ protein expression in the bone marrow of wild-type mice. Likewise, a significant decrease in CXCL12␣ protein expression in the bone marrow of d715 and d715F mice was observed. In contrast, consistent with their impaired HPC mobilization phenotype, no significant change in CXCL12␣ protein expression was detected in GEpoR mice. In fact, a highly significant correlation was observed between the degree of HPC mobilization and the level of CXCL12␣ protein in the bone marrow (P Ͻ .001, Figure 2B) .
Recently, AMD3100, a selective CXCR4 antagonist capable of rapidly inducing HPC mobilization, was described. 9 To determine whether disruption of CXCR4 signaling could rescue the HPC mobilization defect in GEpoR mice, we treated mice with AMD3100 and HPC mobilization was characterized. As reported previously, in wild-type mice, treatment with a single subcutaneous injection of AMD3100 induced a rapid increase in blood CFU-Cs that peaked 3 hours after injection (Figure 3 ). 8 Interestingly, a similar increase in blood CFU-Cs was observed in GEpoR mice. Moreover, HPC mobilization by AMD3100 was found to be normal in G-CSFR-deficient mice (data not shown). These data show that AMD3100-induced HPC mobilization does not require G-CSFR signals.
G-CSF regulates expression of CXCL12 mRNA in the bone marrow during HPC mobilization
Whereas previous studies have focused on the proteolytic cleavage of CXCL12, we considered an alternative mechanism to account for the decrease in CXCL12 protein in the bone marrow. We measured CXCL12 mRNA expression in the bone marrow during G-CSF treatment by directly flushing isolated femurs with TRIzol reagent to ensure that RNA was recovered from all cell types in the bone marrow. Real-time RT-PCR was performed for CXCL12 and mouse ␤-actin, as a control for RNA quality and content. CXCL12 mRNA progressively decreased during G-CSF treatment reaching a nadir on day 5 when HPC mobilization is maximal and returned to normal 2 days after discontinuing G-CSF ( Figure 4A ). The decrease in CXCL12 mRNA closely mirrored the decrease in CXCL12␣ protein expression in the bone marrow ( Figure 4A ). In fact, a strong correlation between CXCL12 mRNA and protein was observed ( Figure 4B ). It is possible that the marked myeloid expansion in the bone marrow induced by G-CSF may "dilute out" the CXCL12-expressing cells, thereby decreasing total CXCL12 mRNA levels in the bone marrow. To test this possibility, we examined CXCL12 mRNA expression in GEpoR mice. Importantly, G-CSF induces a similar increase in myeloid cells in the bone marrow in these mice compared with wild-type mice (the absolute number of neutrophils per femur in wild-type and GEpoR mice after G-CSF treatment was 15.4 Ϯ 3.0 and 13.1 Ϯ 1.8, respectively). However, despite comparable myeloid expansion, no significant decrease in For personal use only. on June 9, 2017. by guest www.bloodjournal.org From CXCL12 mRNA was detected in GEpoR mice during G-CSF treatment ( Figure 4C ). Collectively, these data suggest that CXCL12 expression is regulated primarily at an mRNA level by G-CSF.
Osteoblasts are the major source of CXCL12 in the bone marrow
Although controversial, current evidence suggests that CXCL12 is expressed in the bone marrow by osteoblasts, endothelial cells, and scattered stromal cells. 5, 20 Moreover, a recent report suggested that stem and progenitor cells may express CXCL12 at a low level. 21 To determine which cell types in the bone marrow express CXCL12 mRNA and are down-regulated in response to G-CSF, mice were treated with G-CSF and bone marrow cells sorted into stromal cell (CD45 Ϫ Lin Ϫ ), progenitor-enriched (CD45 ϩ Lin Ϫ ), and mature hematopoietic cell (Lin ϩ ) fractions ( Figure 5 ). In addition, TRIzol was injected directly into the flushed femurs to assess the contribution of cells remaining tightly associated with the bone matrix ("bone fraction" in Figure 5B ). In untreated mice, the great majority of CXCL12 mRNA was found in the stromal cell and bone fractions ( Figure 5B ). Furthermore, CXCL12 expression in these fractions was decreased by G-CSF treatment. These results suggest that stromal cells are the major source of CXCL12 in the bone marrow and are down-regulated by G-CSF treatment.
To define which stromal cell types express CXCL12, the boneadherent cell population was further fractionated into hematopoietic progenitor, mature osteoblast, and endothelial cell fractions (see "Materials and methods"). Low-level CXCL12 mRNA was again detected in the hematopoietic cell fraction ( Figure 5C ). Consistent with previous studies showing constitutive CXCL12 expression in bone marrow endothelial cells, 22 a relatively high level of CXCL12 mRNA was detected in the endothelial cell fraction. However, the highest level of CXCL12 mRNA expression was detected in the mature osteoblast fraction. Relative to ␤-actin mRNA, mature osteoblast express 9.4-fold more CXCL12 mRNA than endothelial cells. These data suggest that the majority of CXCL12 in the bone marrow microenvironment is produced by osteoblasts.
G-CSF treatment potently inhibits osteoblast activity in the bone marrow
Surprisingly, despite the decrease in total bone marrow CXCL12 mRNA expression ( Figure 5B) , on a per cell basis no significant decrease in CXCL12 mRNA was detected in osteoblasts isolated from mice following G-CSF treatment ( Figure 5C ). These data raised the possibility that, rather than affecting SDF-1 expression per osteoblast, G-CSF regulated the number of osteoblasts in the bone marrow. To explore this possibility, osteoblast number in the bone marrow was measured by histomorphometry. Indeed, after 5 days of G-CSF treatment, a striking reduction in the number of endosteal osteoblasts was observed ( Figure  6A-C) . To confirm this observation, the expression of osteocalcin, a specific marker of mature osteoblasts, in the bone marrow during G-CSF treatment was assessed ( Figure 6D ). Notably, osteocalcin mRNA expression was sharply reduced during G-CSF treatment; a 47-Ϯ 12-fold reduction in osteocalcin mRNA (relative to ␤-actin mRNA) was observed in the bone marrow of mice treated with G-CSF compared with untreated mice. Likewise, a significant decrease in serum osteocalcin protein was detected in G-CSF-treated mice (data not shown). This latter finding is consistent with a previous report showing that serum levels of osteocalcin decreased in patients during G-CSF treatment. 23 Collectively, these data provide strong evidence that G-CSF treatment potently suppresses osteoblast activity in the bone marrow.
We next investigated whether G-CSF could directly regulate CXCL12 expression in cultures of primary murine osteoblasts. Osteoblasts were harvested from the calvariae of newborn mice and cultured in the presence or absence of G-CSF for 5 days. In some experiments, the osteoblasts were first cultured for 1 week in the presence of ascorbic acid and ␤-glycerophosphate to induce osteoblast differentiation. As expected, a high level of CXCL12 protein and mRNA expression was detected in cultures of undifferentiated and differentiated osteoblasts ( Figure 6E and data not shown). However, G-CSF had no significant effect on CXCL12 expression. Moreover, no G-CSFR mRNA was detected using a sensitive RT-PCR assay (data not shown). These data suggest that G-CSF does not directly regulate CXCL12 expression in osteoblasts.
Discussion
Clinically, G-CSF is the most widely used agent to mobilize HPCs, yet the mechanisms mediating HPC mobilization by G-CSF are poorly understood. To begin to define the regions of the G-CSFR that mediate this response, we characterized HPC mobilization by G-CSF in a series of transgenic mice carrying different targeted G-CSFR mutations. HPC mobilization in d715 G-CSFR mice is significantly enhanced compared with wild-type mice, suggesting the presence of an inhibitory domain in the carboxy-terminal tail of the G-CSFR. Previous studies have shown that both receptor internalization 24, 25 and activation of negative regulators of signaling (including suppressor of cytokine signaling 3 [SOC3], 26 SHP-1 [SH2-containing phosphatase-1], 25 and SH2-contianing inositol phosphatase [SHIP] 25 ) are defective with the d715 G-CSFR. Whether any of these signaling alterations is responsible for the increased mobilization response remains to be answered. Interestingly, the number of CFU-Cs in the bone marrow of G-CSF-treated d715F mice is increased compared with G-CSF-treated wild-type mice, despite comparable numbers of the CFU-Cs in the blood and bone marrow. These observations are consistent with a subtle defect in HPC mobilization in d715F mice. Nonetheless, these data suggest that STAT-3 and STAT-5 activation by the G-CSFR is not absolutely required for HPC mobilization because their activation by the d715F G-CSFR is markedly impaired. 14 Interestingly, G-CSF-induced HPC mobilization is markedly impaired in GEpoR mice, despite a comparable (to wild-type mice) expansion in myeloid cells and HPCs in the bone marrow. Thus, signals generated by the chimeric GEpoR are able to efficiently transduce proliferative but not mobilization signals, suggesting an element of specificity in the mobilization signaling pathways. Of note, these data clearly demonstrate that increases in bone marrow cellularity and HPC content alone are not sufficient to induce HPC mobilization.
Accumulating evidence suggests that CXCL12/CXCR4 signaling plays a key role in regulating HPC trafficking in the bone marrow. Mice with targeted disruptions of CXCL12 or CXCR4 exhibit defective hematopoiesis in the bone marrow, possibly due to the failure of HPCs to migrate from the fetal liver to the bone marrow. 7, 27 Moreover, mice given transplants with CXCR4-deficient bone marrow cells show reduced engraftment and premature release of immature myeloid cells into the blood. 7, 27 Elevation of CXCL12 levels in the blood by administration of CXCL12 or by injection of an adenoviral vector expressing CXCL12 is associated with a significant mobilization of HPCs into the blood. 28, 29 Conversely, treatment with AMD3100, a selective antagonist of CXCR4, induces rapid and robust HPC mobilization in mice and humans. 8, 9 Finally, we and others previously showed that G-CSF treatment results in a significant decrease in CXCL12 protein levels in the bone marrow of wild-type mice. [10] [11] [12] In the present study, we show that CXCL12 protein levels in the bone marrow after G-CSF treatment strongly correlate with HPC mobilization in the G-CSFR mutant mice. For example, the greatest decrease in CXCL12 protein expression in the bone marrow was observed in those mice displaying the most robust HPC mobilization, namely, the d715 G-CSFR mice. Perhaps most telling is the lack of a significant decrease in CXCL12 protein expression in the mobilizationdefective GEpoR mice (Figure 2 ). The availability of AMD3100, a selective CXCR4 antagonist, provided the opportunity to determine whether disruption of CXCR4 signaling could rescue the mobilization defect in GEpoR mice. Indeed, AMD3100-induced HPC mobilization in GEpoR mice was comparable to wild-type mice. Collectively, these data suggest that CXCL12 is an important retention signal for HPC in the bone marrow, and the data support a model in which disruption of CXCL12/CXCR4 signaling is a key step in G-CSF-induced HPC mobilization.
It is likely that multiple mechanisms contribute to the disruption of this signaling pathway. CD26 (dipeptidylpeptidase IV), a membranebound extracellular serine-protease expressed on a subset of HPCs, inactivates CXCL12 through proteolytic cleavage. 30, 31 Importantly, G-CSF-induced HPC mobilization is defective in CD26-deficient mice or in wild-type mice treated with a specific CD26 inhibitor. 30, 31 However, there is no evidence showing that CD26 activity is modulated during G-CSF treatment. In contrast, G-CSF treatment induces the release of a number of proteases into the bone marrow microenvironment, including NE, CG, and matrix metalloproteinase-9 (MMP-9). 32 These proteases are able to cleave several adhesion molecules thought to play an important role in regulating HPC trafficking in the bone marrow, including c-Kit, vascular cell adhesion molecule 1 (VCAM-1), CXCR4, and CXCL12. 10, 11, 33, 34 In particular, NE and CG are able to cleave and inactivate CXCL12 in vitro. 10, 11 However, G-CSF-induced HPC mobilization and decrease in bone marrow CXCL12 protein are normal in NE ϫ CG-deficient mice. 13 Thus, there must be efficient NE-and Primary osteoblasts were cultured in the presence of 100 ng/mL G-CSF for the indicated time and CXCL12 mRNA quantified. Data represent the mean Ϯ SEM. *P Ͻ .05. All images were obtained with a Nikon Eclipse E600 microscope using a Nikon PlanApo 20 ϫ/0.45 NA objective (Nikon, Melville, NY). The microscope was equipped with a Sony DXC S500 digital camera (Sony Electronics, Park Ridge, NJ), and images were captured using Kodak Imaging for Windows software (Eastman Software, Billerica, MA).
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As an alternative mechanism to proteolytic cleavage to regulate CXCL12 expression, we examined the effect of G-CSF treatment on the expression of CXCL12 mRNA in the bone marrow. We show that G-CSF treatment induces a decrease in bone marrow CXCL12 mRNA that mirrors the fall in CXCL12 protein. In fact, a strong correlation between CXCL12 protein and mRNA levels in the bone marrow was observed. This decrease in CXCL12 mRNA is not simply due to the dilution of CXCL12-expressing cells in the bone marrow during G-CSF treatment because no significant decrease in CXCL12 mRNA was observed in GEpoR mice, despite a similar expansion of myeloid cells in the bone marrow. These data suggest that during G-CSF-induced HPC mobilization, CXCL12 expression in the bone marrow is primarily regulated at the mRNA level.
The mechanism by which G-CSF regulates CXCL12 mRNA expression in the bone marrow is an important unanswered question. In particular, the cell types in the bone marrow that express CXCL12 and are regulated during G-CSF treatment are unknown. One report suggested that CXCL12 is primarily expressed by osteoblasts, endothelial cells, and scattered stromal cells in the mesenchyme. 5 In contrast, Ara and colleagues, using a transgenic mouse in which the green fluorescent protein gene was inserted into the CXCL12 gene locus, reported that endothelial cells and osteoblasts in the bone marrow did not constitutively express CXCL12. 35 Finally, a recent report suggested that a subset of hematopoietic progenitors produce a small amount of CXCL12. 21 To address this question, we quantified CXCL12 mRNA expression in sorted bone marrow populations of mature hematopoietic cells, progenitor cells, and stromal cells. These data confirm that progenitor cells, defined as CD45 ϩ Lin Ϫ cells, express a low level of CXCL12. Given the low level of expression and the relative scarcity of these cells, it is unlikely that hematopoietic progenitor cells contribute significantly to the bulk production of CXCL12 in the bone marrow. Nonetheless, it is possible that CXCL12 expression by progenitor cells may significantly regulate the trafficking of progenitors cells through an autocrine or paracrine mechanism; further study is needed to address this possibility. On the other hand, bone marrow stromal cells appear to be the major source of CXCL12 in the bone marrow. Within the stromal cell fraction, endothelial cells and mature osteoblasts express significant CXCL12 mRNA. Based on the high level of CXCL12 expression per cell and the relative abundance of osteoblasts within the bone marrow stromal cell fraction, we conclude that osteoblasts are the major source of CXCL12 in the bone marrow. Interestingly, CXCL12 mRNA expression per osteoblast did not change during G-CSF treatment. Rather, G-CSF appears to regulate CXCL12 mRNA expression in the bone marrow by decreasing osteoblast number.
Accumulating evidence indicates that osteoblasts play a key role in establishing and maintaining the stem cell niche in the bone marrow. 20, 36, 37 In addition to CXCL12, osteoblasts express several genes thought to be important for stem cell function, including the notch ligand Jagged-1, 37 a number of hematopoietic growth factors (eg, G-CSF), 38 angiopoietin, 39 and N-cadherin. 36 Herein, we show that G-CSF potently inhibits mature osteoblast activity in the bone marrow. After 5 days of G-CSF treatment, mature osteoblast number in the bone marrow was reduced at least 3-fold. Moreover, osteocalcin mRNA expression in the bone marrow was reduced nearly 50-fold. The magnitude of the change in osteocalcin expression compared with the change in osteoblast number in the bone marrow suggests that G-CSF may regulate both osteoblast number and activity. Intriguingly, patients treated long-term with G-CSF develop marked osteopenia. 40 In addition, transgenic mice overexpressing G-CSF develop osteopenia. 41, 42 Collectively, these data raise the possibility that G-CSF, by regulating osteoblast function, may have profound effects on the stem cell niche that ultimately contribute to HSC mobilization.
We previously showed by analysis of bone marrow chimeras between G-CSFR-deficient and wild-type mice that G-CSFR expression on bone marrow stromal cells was neither necessary nor sufficient to mediate G-CSF-induced hematopoietic progenitor cell mobilization. 4 Consistent with this finding, in the present study we show that cultured primary osteoblasts do not express detectable G-CSFR using a sensitive RT-PCR assay. Moreover, G-CSF does not modulate CXCL12 expression in primary osteoblast cultures. Together, these data provide compelling evidence that G-CSF regulates osteoblast CXCL12 through an indirect mechanism.
In summary, this study provides additional evidence that strongly supports a model in which disruption of CXCL12/CXCR4 signaling is a key event in G-CSF-induced HPC mobilization. Osteoblasts appear to be the major source of CXCL12 production in the bone marrow. G-CSF treatment potently inhibits osteoblast activity in the bone marrow, thereby reducing CXCL12 expression. These data suggest a model (Figure 7 ) in which G-CSF initiates the mobilization cascade by stimulating an as yet unidentified G-CSFRexpressing cell population in the bone marrow. These cells then generate a trans-acting signal that suppresses osteoblast activity and, in particular, CXCL12 expression. The consequent decrease in CXCR4 signaling in hematopoietic progenitor cells then enhances their migration from the bone marrow, through unclear mechanisms. A better understanding of the mechanism by which G-CSF regulates CXCL12 mRNA expression may lead to the development of improved clinical protocols for stem cell mobilization in patients. 
